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(54) Combustor assembly for gas turbine with combustion-induced total pressure gain

(57) A combustor assembly and a gas turbine com-
prising such combustor assembly are proposed. The
combustor assembly comprises a combustion chamber
(1), a gas inlet (5) for providing gas to the combustion
chamber (1), a gas outlet (9) for exhausting gas from the
combustion chamber (3), a flame generator (6) for gen-
erating aflame in a flame region (7) within the combustion
chamber (3) and a shock wave generator (15) for gen-
erating a propagating shock wave (27). The combustor
assembly (3) is adapted such that the generated shock
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wave (27) propagates towards the flame region (7). Upon
impact of the shock wave (27) in the flame region (7), a
temporary increase in heat release rate may be obtained
e.g. due to gas turbulences. Such increased heat release
rate being in-phase with a pressure increase from the
shock wave may result in fulfilling the Rayleigh-criterion
thereby resulting in a total pressure gain within the com-
bustion chamber (3). Due to such total pressure gain, the
efficiency of the gas turbine may be increased substan-
tially.
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Description
FIELD OF THE INVENTION

[0001] The present invention relates to a combustor
assembly for combusting fuel within a combustion cham-
ber. Furthermore, the invention relates to a gas turbine
comprising such combustor assembly.

BACKGROUND OF THE INVENTION

[0002] In conventional gas turbines, combustion of a
fuel takes place within a combustor assembly positioned
between a compressor and a turbine. Oxygen-containing
gas enters a combustion chamber at a gas inlet and con-
tinuously flows at a substantially stationary flow rate
through the combustion chamber towards a gas outlet.
Fuel is added to the incoming gas and is ignited and
combusted within the combustion chamber.

[0003] Such combustion chambers conventionally op-
erate isobaric, i.e. the combustion is effected at an es-
sentially constant pressure throughout the combustion
process. However, a total pressure loss in the order of
3% to 4% usually occurs due to mixing losses or friction
losses thereby contributing to a reduction of a thermal
efficiency of the gas turbine.

[0004] Generally, the efficiency of a gas turbine cycle
is influenced by losses of each component of the gas
turbine, i.e. the compressor, the combustor assembly
and the turbine. Therein, the entropy is an indication of
the losses generated in a thermodynamic system. The
entropy is the portion of the energy content of a system
which cannot be used for useful work and is therefore
lost due to irreversible processes in the system.

[0005] Conventional approaches to optimize power
and efficiency of a gas turbine have been mainly directed
to aerothermodynamically optimizing turbo components
of the gas turbine, i.e. optimizing of the compressor and
of the turbine.

[0006] However, it has been observed by exergy anal-
ysis (exergy = portion of an energy content of a system
which, in relation to a specific environmental condition,
may be completely converted to useful work or, in other
words, maximum work extraction possible during a ther-
modynamic process that brings the system into equilib-
rium with a heat reservoir) that, in an entire gas turbine
cycle, the generated entropy corresponding to an exergy
loss due to irreversible combustion in the combustion
chamber contributes about 22% of overall losses in a gas
turbine. Accordingly, such exergy loss contributes the
largest portion to the overall losses in a gas turbine and
is about 30 times higher than the losses in the high pres-
sure turbine.

[0007] Thermodynamic analysis of the gas turbine
process shows that with a moderate pressure increase
within the combustion chamber of 10 - 20%, an increase
in the thermal gas turbine efficiency of up to 10% and
correspondingly a reduction in the fuel consumption in
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the same order of magnitude may be obtained. Appar-
ently, improving the efficiency of the combustor assembly
within a gas turbine may substantially contribute to an
optimization of the gas turbine with respect to its power
and its efficiency.

[0008] However, the combustion chamber has been
mainly further developed in order to maintain and resist
to higher combustion temperatures in order to thereby
improve the efficiency of the gas turbine. Most modem
gas turbines such as for example gas turbines used in
aircraft still operate with an isobaric stationary combus-
tion.

[0009] Inordertoovercomedisadvantages of suchiso-
baric stationary combustion such as efficiency losses due
toirreversible combustion, alternative approaches in fuel
combustion and combustion technology for gas turbines
have recently been investigated. Combustion chambers
working with an (quasi-)isochoric combustion, wherein
the gas is enclosed in a constant volume during combus-
tion, have been developed. For example, combination
engines comprising a gas turbine and a piston engine
replacing the combustion chamber have been devel-
oped. Furthermore, pulse jet engines in which valves pre-
vent the combustion gas of the ignited fuel mixture in the
combustion chamber from exiting and disrupting intake
air-flow have been developed.

[0010] However, most of the above-mentioned ap-
proaches for realizing a pressure-increased combustion
require complicated and heavy mechanical devices for
generating the increased pressure. Therefore, engines
comprising such combustion chambers operating at
(quasi-) isochoric combustion cycles may be frequently
subject to failure, may require increased maintenance
efforts and, due to their increased weight, may not be
suitable for aircraft. Furthermore, the optimization poten-
tial of many of such technical approaches seems to be
already exploited at a high degree and seems to be main-
ly limited by the mechanical and thermal properties of
available materials.

SUMMARY OF THE INVENTION

[0011] There may be a need for acombustor assembly
with an increased efficiency potential with regard to the
thermal cycle efficiency of a gas turbine comprising such
combustor assembly. Particularly, there may be a need
for a combustor assembly generating a pressure rise be-
tween an inlet and an outlet.

[0012] Furthermore, there may be a need for a gas
turbine with an increased efficiency potential wherein
such efficiency increase may be obtained by using a pres-
sure-gain combustor assembly.

[0013] Furthermore, there may be a need for a com-
bustorassembly and a gas turbine with low weight and/or
low complexity.

[0014] At least some of the above-mentioned needs
may be met with a combustor assembly and a gas turbine
according to the appended independent claims. Advan-
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tageous embodiments are defined in the dependent
claims.

[0015] An important idea on which the present inven-
tion is based may be seen in the recognition that a pres-
sure increase in a combustion chamber may be realized
by interaction of shock waves or compression pulses with
a flame burning in the combustion chamber. As will be
described in more detail below, the energy needed for
generating the shock waves may be less than the addi-
tional energy generated in the combustor assembly as a
result of such combustion-induced pressure increase.
[0016] Before describing details and advantages ofthe
presentinvention and its embodiments further below with
respect to the subject-matter as defined in the claims,
principles of the invention may be described with a more
general wording as follows:

It may be seen as an aim of the present invention to
generate a combustion-induced pressure increase
within a combustion chamber as a result of an inter-
action between compression pulses induced by a
shock wave propagating through the combustion
chamber and a flame burning within this combustion
chamber. The compression pulses may be for ex-
ample generated by suddenly opening a valve be-
tween an additional compressor and the combustion
chamber. Thereby, the highly compressed air from
the compressor may abruptly propagate and spread
throughout the combustion chamber thereby gener-
ating a shock wave front which moves through the
combustion chamber with supersonic velocity.
Thereby, the shock front may generate an abrupt or
stepwise change of state wherein the fluid within the
combustion chamber abruptly changes from a state
before arrival of the shock wave to a state with e.g.
higher pressure, higher temperature and higher den-
sity after arrival of the shock wave.

[0017] The propagating shock waves are emitted in a
direction towards a flame region of the combustion cham-
ber in which the combustion of the injected fuel takes
place. When the shock wave crosses the flame region,
important effects may occur. These effects may be de-
scribed with reference to the so-called Rayleigh-criterion.
The Rayleigh-criterion teaches that an amplification of a
pressure amplitude may be obtained when a periodical
pressure oscillation and an oscillating heat release or
enthalpy supply are superimposed in phase. In other
words, if the periodic heat release is in phase with the
pressure oscillation, the pressure oscillation will be am-
plified. This Rayleigh-criterion is known for more than
130 years and has been typically used to identify situa-
tions in which oscillatory combustion is promoted in order
to, after such identification, suppress such unwanted os-
cillatory combustion. However, as to the inventors’ knowl-
edge, the physical effects on which the Rayleigh-criterion
is based have never been used to generate a combus-
tion-induced increase of the total pressure within a com-
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bustion chamber.

[0018] When the shock wave impacts onto the flame
region, a temporary increase in the heat release rate and
in the flame temperature may occur due to the increased
pressure and/or due to an increased mixing of fuel and
air as a result of turbulences. As this temporary increase
in flame temperature and heat release substantially co-
incides, i.e. is coupled in phase, with the pressure in-
crease due to the crossing shock wave, the Rayleigh-
criterion is fulfilled and thus a further amplification of the
total pressure increase may be obtained. Furthermore,
the shock wave may be further accelerated when enter-
ing the flame region with its elevated heat release rate.
The increased pressure level of the gas together with the
increased kinetic energy of the fluid flowing through the
combustion chamber may result in an increase of the
total pressure of the fluid at the outlet of the combustion
chamber. In thermodynamic terms, this means that, al-
though the temperature of the combustion gases at the
outlet of the combustion chamber may be the same as
in conventional combustion chambers, less energy is lost
during the combustion due to a less irreversible energy
conversion process. This may result in an overall in-
crease of the efficiency of the gas turbine cycle.

[0019] It shall be emphasized that using a controlled
system of subsequent shock waves including compres-
sion pulses interacting with a stationary flame and there-
by using the effects described by the Rayleigh-criterion
in order to induce an additional amplification of the pres-
sure level generated by the compression pulsesis a com-
pletely different approach for increasing the efficiency of
a gas turbine when compared with conventional ap-
proaches. While the temperature in the combustion
chamber may not have to be increased compared to con-
ventional approaches, a pressure gain may be obtained
due to the in-phase-coupling of an increase in heat re-
lease and an increase in pressure level when a shock
wave is passing across a flame region in the combustion
chamber possibly leading to an improvement in thermal
cycle efficiency of a gas turbine.

[0020] It shall be noted that the increase in the total
pressure is not simply a result of the shock waves prop-
agating through the combustion chamber which them-
selves already induce a certain pressure increase. In-
stead, there is an additional pressure gain due to fulfilling
the Rayleigh-criterion. It is mainly this additional gain in
total pressure which provides an improvement of the
combustor assembly when compared with conventional
combustor assemblies. In other words, the achieved gas
turbine efficiency gain due to combustor pressure-gain
overcompensates the additional energy input necessary
for generating the shock waves.

[0021] According to an aspect of the presentinvention,
a combustor assembly comprising a combustion cham-
ber, a gas inlet for providing gas to the combustion cham-
ber, a gas outlet for exhausting gas from the combustion
chamber, a flame generator for generating a flame in a
flame region within the combustion chamber and a shock
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wave generator for generating a propagating shock wave
is proposed. Therein, the combustor assembly is adapted
such that the generated shock wave propagates towards
the flame region.

[0022] With the exception of the provision of a shock
wave generator, the combustor assembly may be pro-
vided with a combustion chamber having features of con-
ventional combustion chambers as for example used in
gas turbines for aircraft. For example, the combustion
chamber may comprise a high-temperature resistant
housing enclosing a combustion volume. At one end of
the combustion chamber, oxygen-containing gas such
as compressed ambient air may be provided to the com-
bustion chamber via a gas inlet. The supplied gas may
be enriched with a fuel in order to provide a highly flam-
mable gas to the combustion chamber. Preferably, the
fuel is injected into the incoming gas flow as a gas or in
the form of dispersed liquid droplets. While the gas enters
the combustion chamber usually with a substantial ve-
locity as it comes for example from the compressor of a
gas turbine using the combustor assembly, the continu-
ous gas flow from the gas inlet to the gas outlet will occur
at subsonic velocities. At the gas outlet, the gas flow may
be exhausted from the combustion chamber and may
then enter for example a turbine stage of an enclosing
gas turbine.

[0023] The fuel- and oxygen-containing combustion
gas may be ignited within the combustion chamber and
may then combust within a flame region. Without shock
wave s crossing the flame region, the flame region would
be generally stationary, i.e. the position and the extension
of the flame region remain constant throughout a station-
ary operation of the combustor assembly. However, due
to impacting shock wave s, the flame region may move
or oscillate within the combustion chamber, as will be
described in more detail further below. However, al-
though the position and the extension of the flame region
may change upon impact of a shock wave, the combus-
tion within the flame region will never be completely in-
terrupted during normal operation, i.e. the combustion is
at least quasi-stationary.

[0024] In other words, a continuous gas flow flows
through the combustion chamber from the gas inlet to
the gas outlet and combustion is continuously taking
place within the flame region. Such continuous combus-
tion may also be referred to as "deflagration". Deflagra-
tion is a technical term describing subsonic combustion
that usually propagates through thermal conductivity, i.e.
hot burning material heats the next layer of cold material
and ignites it. Deflagration may occur in laminar or tur-
bulent gas flows. The velocity of a flame in deflagration
may range between approximately 50 m/s up to the
speed of sound which itself locally depends on several
parameters such as local pressure, local temperature,
etc. The contrary to deflagration is detonation which is a
process of combustion in which a supersonic shock wave
is propagated through a fluid due to an energy release
in a reaction zone. Usually, in a detonation, gas may be
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compressed to a very high pressure and temperature
and then propagates as a shock wave with a velocity
much higher than the speed of sound, e.g. with a velocity
of Mach 3. Accordingly, in the combustor assembly pro-
posed herein, normal deflagration may occur within the
flame region as long as no shock waves propagate
through the flame region. When a shock wave crosses
the flame region, the local gas pressure as well as the
current gas velocity may temporarily increase. Particu-
larly, the temporary gas velocity may exceed the speed
of sound during the short duration the shock wave needs
tocrossthe flameregion. Thereby, the combusting gases
within the flame region may be temporarily entrained and
the flame region may be temporarily displaced in a direc-
tion towards the gas outlet of the combustion chamber.
After the shock wave has crossed the flame region, the
flame region may return towards its original location cor-
responding to the normal deflagration position. In case
shock waves are generated periodically and therefore
cross the flame region periodically, the flame region may
oscillate within the combustion chamber at a frequency
corresponding to the frequency of shock wave genera-
tion.

[0025] The shock wave generator being a character-
istic feature of the proposed combustor assembly is
adapted for generating a propagating shock wave. A
shock wave, sometimes also referred to as "shock front"
or simply "shock", is a type of propagating disturbance.
Like an ordinary wave, it carries energy and may propa-
gate through a medium, either solid, liquid or gas. Shock
waves are characterized by an abrupt, nearly discontin-
uous change in characteristics of the medium. Across a
shock there is always an extreme rise in pressure, tem-
perature and/or density of the medium or the flow of the
medium. Contrary to a normal subsonic sound wave, a
shock wave travels through a medium at a speed which
is higher than the speed of an ordinary wave, i.e. higher
than the speed of sound at the respective local conditions
which may depend on the local temperature, pressure,
medium properties, etc. When an object or disturbance
moves faster than the information about it can be prop-
agated through the surrounding fluid, fluid near the dis-
turbance cannot react or "get out of the way" before the
disturbance arrives. In shock waves, the properties of
the fluid such as density, pressure, temperature, velocity,
Mach number, etc. may change almost instantaneously.
In other words, these parameters do not change their
values continuously for example with a sinusoidal behav-
iour but very abruptly. Measurements of the thickness of
shock waves have resulted in values approximately one
order of magnitude greater than a mean free path of the
gas investigated, roughly micrometers at atmospheric
conditions.

[0026] Due to the sudden occurrence the propagating
shock wave when reaching the flame region, the gas with-
in the flame region cannot simply "escape" by accelerat-
ing a laminar gas flow. Instead, a turbulent gas flow may
be induced in the flame region by the crossing shock
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wave. Such turbulences may improve the mixing of fuel
with oxygen-containing gas and may thereby result in a
temporary temperature rise in the flame region. Further-
more, in case a liquid fuel is injected to the flame region
in the form of droplets, such droplets may burst upon
impact of a shock wave such that a distribution of the fuel
within the flame region may be improved thereby again
resulting in a temporary temperature rise.

[0027] Furthermore, the effected increase in heat re-
lease rate within the flame region may be influenced by
parameters of the generated shock waves such as a lo-
cation of generation of the shock waves within the com-
bustion chamber, a magnitude of the temporary pressure
increase generated by a propagating shock wave, a ge-
ometry of a wave front of the shock wave and a direction
of the shock wave with respect to the flame region, for
example. Such parameters may be influenced by the ge-
ometry of the combustion chamber, the material used for
the walls of the combustion chamber and influencing re-
flection properties of these walls, the geometries of the
gas inlet and the gas outlet of the combustion chamber,
the way of mixing fuel into incoming gas, the kind of gas
flow through the combustion chamber, laminar or turbu-
lent, etc., for example.

[0028] Advantageously, the shock wave generator is
adapted for generating shock waves propagating to-
wards the flame region at velocities between Mach 1 and
Mach 3, preferably between Mach 1 and Mach 2 and
more preferably between Mach 1 and Mach 1.4 relative
to local thermodynamic condition in the combustor. The
pressure and temperature rise generated by the shock
wave may be a function of the Mach number of the shock
and of the thermodynamic conditions of the fluid prior to
the shock. The local Mach number of the shock may de-
pend on the fluid composition, the thermodynamic con-
dition and the flow of the fluid.

[0029] Advantageously, the shock wave generator is
adapted for generating a local temporary pressure in-
crease of at least 5%, preferably at least 100%. In other
words, a local pressure at a position within the combus-
tion chamber may increase about at least 5% - 100%
upon impact of the shock wave when compared to the
local pressure before impact of the shock wave. Atnormal
operating conditions of a gas turbine, i.e. prior to occur-
rence of shock waves, gas is provided by the compressor
of the gas turbine to the combustor assembly at pressure
levels of typically between 2000 to 40000 hPa. Experi-
ments have shown that shock waves which temporarily
more than double the local pressure, i.e. a local tempo-
rary pressure increase of more than 100%, may result,
by interacting with a flame, in a significant increase of
the total pressure within the combustor assembly.
[0030] Advantageously, the shock wave generator is
adapted for periodically generating a propagating shock
wave within the combustion chamber. For example,
shock waves may be generated at a frequency in arange
of between 10 Hz and 5000 Hz or higher, preferably be-
tween 20 Hz and 2000 Hz and more preferably between
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40and 1000 Hz. By periodically generating a propagating
shock wave, the process of combustion-induced total
pressure gain may be periodically repeated. Generally,
the higher the frequency of shock wave generation, i.e.
the higher the ratio of the duration, in which a shock wave
propagates through a flame region with respect to a du-
ration in which no shock wave travels through a flame
region, the stronger the effect of combustion-induced to-
tal pressure gain. An upper limit of the frequency may be
given by the velocity with which the shock wave generator
may be "reloaded" for generating the next shock wave.
[0031] For example, the shock wave generator may
comprise a pressure chamber and a valve at an interface
between the pressure chamber and the combustion
chamber. Gas may be continuously replenished to the
pressure chamber and a pressure level within the pres-
sure chamber may be retained well above the pressure
level within the combustion chamber and may be for ex-
ample two times, preferably five times the pressure level
within the combustion chamber. The valve may be adapt-
ed to be abruptly opened in order to allow gas exchange
between the pressure chamber and the neighbouring
combustion chamber. Thus, upon quickly opening of the
valve, a shock wave may be generated and then propa-
gate through the combustion chamber.

[0032] Advantageously, the shock wave generator
comprises a compressor. This compressor may be used
for providing highly compressed air to the pressure cham-
ber. In an advantageous embodiment, the shock wave
generator comprises a rapidly moving piston compres-
sor. This piston compressor may periodically compress
supplied air to a high compression level and then release
the compressed air preferably at the time of highest com-
pression towards the combustion chamber thereby gen-
erating a shock wave.

[0033] Advantageously, the shock wave generator is
located at a distance to the flame region. In other words,
the shock wave generator is not located directly adjacent
to the flame region and particularly, the shock wave gen-
erator does not directly contact the flame region. Such
positioning of the shock wave generator distant from the
flame region is possible in the proposed combustor as-
sembly as the shock wave generator does not need to
be adapted for generating an overall pressure increase
throughout the entire combustion chamber. In other
words, the shock wave generator does not need to in-
crease the static pressure within the combustion cham-
ber, but instead the shock wave generator is adapted to
generate propagating shock wave s wherein such prop-
agating shock waves can be generated at a distance to
the flame region where they finally shall effectively act.
For example, the shock wave generator may be located
several centimetres away from the flame region. Accord-
ingly, the shock wave generator and in particularthe parts
of the shock wave generator which are in direct contact
to the combustion chamber’s inner volume do not have
to be highly temperature resistant.

[0034] Advantageously, the shock wave generator is
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located at a position upstream of the flame region. Herein,
the term "upstream" relates to a flow direction of gas en-
tering the combustion chamber at the gas inlet and exiting
the combustion chamber at the gas outlet. While gas
downstream of the flame region, i.e. during or after com-
bustion, may be at very high temperatures, the gas en-
tering the combustion chamber and being upstream of
the flame region is usually not at very high temperatures.
Accordingly, positioning the shock wave generator at
such upstream position may further release the heat re-
sistance requirements for the shock wave generator.
[0035] According to a further aspect of the present in-
vention, a gas turbine comprising a combustor assembly
as described further above is proposed.

[0036] A gasturbine, whichis also called a combustion
turbine, is a rotary engine that extracts energy from a
flow of combustion gas. It usually has an upstream com-
pressor coupled to a downstream turbine and a combus-
tion chamber in between.

[0037] As discussed further above, an important por-
tion of the overall efficiency losses in a gas turbine are
caused within the combustor assembly. Accordingly, us-
ing an improved combustor assembly generating a com-
bustion induced pressure-rise as described further
above, may provide for a significant efficiency increase
of the entire gas turbine. With the combustor assembly
as proposed, a combustion-induced total pressure gain
over the combustion chamber of about 10 - 20% may be
realized. Upon optimization of respective turbo compo-
nents of the turbine and the compressor, an efficiency
increase of the entire gas turbine of up to 20% seems to
be possible. This is an enormous potential for improve-
ment which seems to beyond any other currently known
approach for optimizing gas turbines. Furthermore, using
the proposed combustor assembly, harmful substances
in the exhausted gas may be significantly reduced. On
the one hand, this may result from a reduction of fuel
consumption, on the other hand, the residence time in
the hot flame region is shortened thereby significantly
reducing the generation of nitrogen oxides (NO,).
[0038] It has to be noted that aspects and embodi-
ments as well as features and advantages of the present
invention are described herein with reference to different
subject-matters. In particular, some embodiments have
been described with reference to the proposed combus-
tor assembly whereas other embodiments have been de-
scribed with reference to the proposed gas turbine or to
a mode of operating the combustor assembly. However,
a person skilled in the art will gather from the above and
the following description that, unless other notified, in ad-
dition to any combination of features belonging to one
type of subject-matter also any combination between fea-
tures relating to different subject-matters is considered
to be disclosed with this application.

BRIEF DESCRIPTION OF THE DRAWINGS

[0039] Features and advantages of the present inven-
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tion will be further described with respect to specific em-
bodiments as shown in the accompanying figures but to
which the invention shall not be limited.

Fig. 1 shows a gas turbine comprising a combustor
assembly according toan embodiment of the present
invention.

Fig. 2 shows details of a combustor assembly ac-
cording to an embodiment of the present invention.

Fig. 3 shows a graph illustrating the time-dependent
pressure at a location within the combustion cham-
ber according to an embodiment of the present in-
vention.

Fig. 4 shows a graph illustrating diagrams of cyclic
processes within a conventional combustor assem-
bly in comparison with those of a combustor assem-
bly according to an embodiment of the present in-
vention.

[0040] Alldrawings are schematically and not to scale.
Same reference signs relate to same or corresponding
features.

DETAILED DESCRIPTION OF PREFERRED EMBOD-
IMENTS

[0041] Fig. 1 shows agas turbine 100 comprising com-
bustor assemblies 1 according to an embodiment of the
presentinvention. Air entering the gas turbine atanintake
103 first flows through a cold section of the gas turbine
in which vanes and blades of an axial compressor 105
compress the incoming air to an elevated pressure of
approximately 2000 hPa - 40000 hPa depending on the
type of the gas turbine. The compressed air then enters
the combustion chambers 3 of the combustor assemblies
1 through air inlets 5. Fuel is continuously supplied to
each combustion chamber 3 and is ignited within a flame
region 7. The hot expanding exhaust gases from the com-
bustion chamber 3 then exit through gas outlets 9 and
finally flow through the turbine stage 107 before exiting
the gas turbine.

[0042] Fig.2 shows details of an embodiment of acom-
bustor assembly 1. A housing 11 encloses a combustion
chamber 3. Incoming gas may enter the combustion
chamber 3 through a gas inlet 5 and may then continu-
ously flow through the combustion chamber 3 before ex-
iting through a gas outlet 9. A fuel spray burner 13 adds
fuel to the incoming air by spraying liquid or gaseous fuel
into the incoming air stream which may then be ignited
by an igniter (not shown). The fuel spray burner 13 and
the igniter are part of a flame generator 6. The incoming
fuel-enriched air then enters into a flame region 7 forming
a primary combustion zone. In this flame region 7 the
fuel-enriched air is combusted and releases its thermal
energy. The gasflow then continues to flow towards the
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gas outlet and is exhausted. Typical velocity of the con-
tinuous gasflow from the gas inlet 5 to the gas outlet 9 is
below Mach 0.4, i.e. is subsonic.

[0043] Furthermore, the combustor assembly com-
prises a shock wave generator 15. The shock wave gen-
erator 15 comprises a quickly rotating piston compressor
17. The piston compressor 17 sucks incoming air through
a gas inlet pipe 19 during an upward motion of a piston
21 within the cylinder 23. In a subsequent downward mo-
tion of the piston 21, the air within the cylinder 23 is strong-
ly compressed to an elevated pressure of for example
by a factor of 2, preferably 5 higher than the average
pressure in the combustor, for example to pressure val-
ues 10000 hPa - 150000 hPa depending on the gas tur-
bine type. Thereby, the compressed volume of the com-
pressor 17 forms a pressure chamber 22. At the moment
of maximum pressure, a valve 25 suddenly opens and
releases the elevated pressure through gas pipes 26
which discharge into the combustion chamber 3 at a lo-
cation distant to the flame region 7 and upstream thereof.
The elevated pressure suddenly applied in a peripheral
region of the combustion chamber 3 generates shock
waves within the combustion chamber 3.

[0044] In the figure, the shock waves 27 are indicated
by their respective shock wave front. The shock waves
27 propagate through the combustion chamber 3 in a
direction towards the flame region 7. Due to a specific
geometric shape of the combustion chamber 3, the shock
waves 27 are deflected towards a centre of the combus-
tion chamber 3 being at the same time a centre of the
flame region 7. There, within the flame region 7, the shock
waves may generate additional turbulences as described
previously superimposing with turbulences generated by
the fuel injection as indicated by the dashed line in the
figure. Due to such generated turbulences, the fuel spray
comprised in the incoming air is further mixed with the
air. Furthermore, due to the abrupt pressure increase at
a shock wave front, droplets of fuel within the incoming
air may be further dispersed in case when liquid fuel is
used. These effects may result in a temporary tempera-
ture rise and increased heat release rate within the flame
region 7. The temperature rise coincides with the pres-
sure rise due to the shock waves. In other words, the rise
in heat release rate is in-phase with the pressure rise.
Due to this fact, the Rayleigh criterion is fulfilled and a
further additional gain in the pressure within the combus-
tion chamber 3 may be obtained.

[0045] While the shock waves propagate through the
combustion chamber 3 at supersonic velocities of for ex-
ample Mach 1.3 relative to local thermodynamic condi-
tions in the combustor, they may be at least partly reflect-
ed at portions of the housing 11 of the combustion cham-
ber 3 or at the turbines blades and vanes behind the gas
outlet 9.

[0046] Inorderto coolalininginner portion of the hous-
ing 11, cold gas may be introduced into the combustion
chamber by liner cooling inlets 28 arranged at a wall of
the housing 11. In order to reduce gas backflow through
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the liner cooling inlets 28 due to reflected shock waves
or due to the increased total pressure within the combus-
tion chamber 3, the liner cooling inlets 28 may be provid-
ed with fluidic diodes 29. Such fluidic diodes 29 may have
a helical shape like an extruder barrel and may have a
specific impact on gas flowing through the fluidic diodes
such that gas can flow in one direction without any sig-
nificant flow resistance while in the opposite direction gas
flow is mainly prevented due to an excessive flow resist-
ance. The same principle can be used at the gas inlet 5
where supply air may flow through a fluidic diode 31 be-
fore entering the gas inlet 5 thereby attenuating backflow
created by an enhanced pressure level and defracted
and reflected shock waves.

[0047] Fig. 3 shows the time-dependency of the local
pressure p(t) for a position within the combustion cham-
ber 3, particularly for a location within the flame region
7. At this position, a wave front of a shock wave 27 in-
cluding an abrupt pressure increase arrives at a time t;.
Upon arrival of the shock wave propagating with a veloc-
ity of more than Mach 1, the pressure increases from an
initial pressure p4 to an elevated pressure p,. A short
period At of for example approximately 0.00001s (= 10p.s)
after the arrival of the shock wave front, an increased

heat release Q occurs. This additional heat release
is in-phase with the pressure increase effected by the
shock wave and results in a temporary temperature rise.
Due to the heat release rate increase being in-phase with
the pressure increase, an additional pressure increase
33 occurs as a result of fulfilling the Rayleigh criterion.
[0048] As shown in Fig. 3, a multiplicity of shock wave
s 27 is generated periodically one after another at a fre-
quency of for example 1 kHz. As the shock waves are
generated at such high frequency and as each shock
wave has a specific width and pressure profile, subse-
quent shock waves may overlap as shown in Fig. 3. Ac-
cordingly, the resulting pressure profile 35 oscillates with
the frequency of the generated pressure waves and is
generally at higher pressure values than the pressure p,
of the shock waves due to the combustion-induced pres-
sure gain resulting in accordance with the Rayleigh-cri-
terion.

[0049] Fig. 4 shows a graph of the temperature T in
dependence on the entropy S for a cyclic process 41 in
a conventional combustor assembly and for a cyclic proc-
ess 43 in a combustor assembly according to an embod-
iment of the present invention. The line including alter-
nating dots and dashes represents an isobaric process
at constant pressure whereas the dashed line represents
an isochoric process at constant volume.

[0050] As can be clearly seen in Fig. 4, the conven-
tional cyclic process coming from point 3 to point 4 is
approximately an isobaric process. The fact that the pres-
sure is not completely constant may be due to pressure
losses within the combustion chamber resulting for ex-
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ample from flow resistances.

[0051] In contrast hereto, the cyclic process 43 within
the combustor assembly according to an embodiment of
the present invention comprises a certain pressure in-
crease while going from point 3 to point 4’. In other words,
this cyclic process is somewhere in between an isobaric
and an isochoric process. The pressure increase is due
to the described pressure gain as a result of fulfilling the
Rayleigh-criterion.

[0052] As can be seen from Fig. 4, the cyclic process
43 occurring in the combustor assembly described herein
results in a reduced entropy change As’ compared to the
entropy change As occurring in a conventional cyclic
process 41. On the other hand, due to such reduced loss-
es resulting from reduced entropy changes, an additional
enthalpy Ahy,,ine May be used in the cyclic process 43
of the combustor assembly described herein. This addi-
tional enthalpy Ahy ,ine represents an additional work
that the system can provide to its surroundings.

[0053] Accordingly, with the combustor assembly in
accordance with an embodiment of the presentinvention,
useful energy supply can beincreased and energy losses
due to irreversible processes during combustion are re-
duced. An overall increase in efficiency can be realized
for a gas turbine using such combustor assembly.
[0054] It should be noted that the term "comprising"
does not exclude other elements or steps and that the
indefinite article "a" or "an" does not exclude the plural.
Also elements described in association with different em-
bodiments may be combined. It should also be noted that
reference signs in the claims shall not be construed as
limiting the scope of the claims.

List of reference signs

[0055]

1 Combustor assembly
3 Combustion chamber
5 Gas inlet

6 Flame generator

7 Flame region

9 Gas outlet

11 Housing

13 Fuel spray burner

15 Shock wave generator

17 Piston compressor

19 Gas inlet pipe

21 Piston

22 Pressure chamber

23 Cylinder

25 Valve

26 Gas pipe

27 Shock wave

28 Liner cooling inlet

29 Fluidic diode for liner cooling
31 Fluidic diode for gas inlet

33 Pressure gain due to Rayleigh-criterion
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35 Resulting pressure profile

41 Conventional cyclic process

43 Cyclic process of proposed combustor assembly
100  Gas turbine

103  Airintake

105 Compressor

107  Turbine

Claims

1. A combustor assembly (1) comprising:

a combustion chamber (3);

agasinlet(5) for providing gas to the combustion
chamber;

a gas outlet (9) for exhausting gas from the com-
bustion chamber;

a flame generator (6) for generating a flame in
a flame region (7) within the combustion cham-
ber; and

a shock wave generator (15) for generating a
propagating shock wave (27);

wherein the combustor assembly is adapted
such that the generated shock wave propagates
towards the flame region.

The combustor assembly according to claim 1,
wherein the combustor assembly (3) is adapted for
establishing a continuous gas flow from the gas inlet
(5) to the gas outlet (9) wherein a gas pressure within
the gas flow may be temporarily increased by shock
wave (27) propagating through the gas flow.

The combustor assembly according to claim 1 or 2,
wherein the combustor assembly (1) is adapted such
that the shock wave (27) generated by the shock
wave generator (15) induces an increase in heat re-
lease rate in the flame region (7) when the shock
wave travels through the flame region.

The combustor assembly according to claim 3,
wherein the increase in heat release rate is induced
by gas turbulences and elevated pressure and tem-
perature generated by the shock wave (27) passing
through the flame region (7).

The combustor assembly according to one of claims
1 to 4, wherein the shock wave generator (15) is
adapted for generating propagating shock waves at
velocities between Mach 1 and Mach 3 relative to
local thermodynamic condition in the combustor.

The combustor assembly according to one of claims
1 to 5, wherein the shock wave generator (15) is
adapted for generating a local temporary pressure
increase of at least 1000hPa.



10.

1.

12,

13.

14.
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The combustor assembly according to one of claims
1 to 6, wherein the shock wave generator (15) is
adapted for periodically generating a propagating
shock wave (27).

The combustor assembly according to claim 7,
wherein the shock wave generator (15) is adapted
for periodically generating a propagating shock wave
(27) at a frequency in a range between 10 Hz and
5000 Hz.

The combustor assembly according to one of claims
1 to 8, wherein the shock wave generator (15) com-
prises a pressure chamber (22) and a valve (25) at
an interface between the pressure chamber (22) and
the combustion chamber (3).

The combustor assembly according to one of claims
1to 9, wherein the shock wave generator (15) com-
prises a compressor (17).

The combustor assembly according to claim 10,
wherein the shock wave generator (15) comprises a
rapidly moving piston compressor (17).

The combustor assembly according to one of claims
1 to 11, wherein the shock wave generator (15) is
located at a distance to the flame region (7).

The combustor assembly according to one of claims
1 to 12, wherein the shock wave generator (15) is
located at a position upstream of the flame region (7).

A gas turbine (100) comprising a combustor assem-
bly (1) according to one of claims 1 to 13.
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